Introduction of specific target mRNAs (Eberhart and Warren, 1996) . Indeed, FMRP is found to associate with somatodenFragile X syndrome is the most frequent cause of heritadritic polyribosomes in neurons, thereby suggesting that ble mental retardation and is due to the absence of the absence of functional FMRP may cause abnormalifunctional FMRP, the product of the FMR1 gene (for ties in neuronal protein synthesis that lead to fragile X review, see Warren and Nelson, 1994; Eberhart and Warmental retardation (Feng et al., 1997) . The observation ren, 1996) . At least 98% of fragile X patients are null for of abnormal dendritic spines in fragile X patient brain FMRP because of transcriptional silencing of FMR1 as (Rudelli et al., 1985; Hinton et al., 1991) , and in the fmr1 a consequence of CGG trinucleotide repeat expansion knockout mouse brain would be consistent with this in the 5Ј-untranslated region (Fu et al., 1991; Oberlé et view (Comery et al., 1997 Verkerk et al., 1991; Sutcliffe et al., 1992) . The However, the scenario of FMRP capturing cognate remaining few cases are, with one exception, also null mRNAs in the nucleus and presenting them to cytodue to more typical mutations of FMR1, such as intraplasmic ribosomes is lacking key pieces of evidence. genic deletions and nonsense changes (Meijer et al., For example, it remains unclear whether FMRP interacts 1994; Hirst et al., 1995; Lugenbeel et al., 1995) . The with mRNA when associated with translating polyribosingle exception is a I304N missense mutation resulting somes. In fact, there is no evidence to infer the fate of in a variant phenotype of extremely severe fragile X FMRP-binding mRNAs or their encoded products in the syndrome (De Boulle et al., 1993) .
absence of FMRP. Below, we show evidence that FMRP Since the absence of FMRP leads to the characteristic is indeed cocaptured with poly(A) RNA in cell lysates cognitive deficits associated with this syndrome, much and can be released in mRNP particles from large polyriattention has been placed upon understanding the norbosomes. FMRP containing the I304N missense mutation, mal function of this protein. FMRP is widely expressed found in the second KH domain of FMRP and resulting throughout the body but is not ubiquitously expressed in severe fragile X syndrome, binds mRNA similarly in vivo, despite earlier evidence that this mutation limits The capture of FMRP depends on its association with poly(A) RNA. In the top left panel, normal and I304N lysates were exposed to 0.2 N NaOH to allow hydrolysis of cytoplasmic RNAs and neutralized to pH 8.0 before subjected to oligo(dT) capture. The top right panel demonstrates the hydrolysis of RNA ‫3ف(‬ g RNA ladder GIBCO-BRL) by 0.2 N NaOH, with the molecular size of RNA indicated on the left. In the bottom left panel, ‫6ف‬ g of purified FLAG-FMRP or I304N FLAG-FMRP was used for the capturing assay, respectively. (C) Oligo(dT) capture of cytoplasmic FMRP is independent from translating ribosomes. The captured mRNPs from normal or I304N lysates with or without the presence of 30 mM EDTA were loaded onto an SDS-PAGE gel as indicated on top of the corresponding lanes.
with translating polyribosomes. This suggests that In contrast, lactate dehydrogenase (LDH), a non-RNAbinding protein, was not captured. FMRP is important in forming translation-competent mRNP complexes, and the severe phenotype of I304N
To confirm that FMRP is captured via poly(A) RNA, the lysates were incubated with RNase at 37ЊC for 10 patient may be due to the sequestration of FMRP-bound messages from translation. min prior to capturing, which allowed partial digestion of RNA without causing proteolytic degradation of FMRP. As shown in Figure 1A , the amount of FMRP Results captured was reduced from both lysates, indicating that this capture is RNA-dependent. As an alternative apNormal and I304N FMRP Associate with Poly(A) RNA In Vivo as mRNP Particles proach, alkaline hydrolysis of RNA was achieved by exposing the lysates to 0.2 N sodium hydroxide (Figure We first examined whether the I304N mutation affects RNA-binding activity of FMRP in vivo, as suggested by 1B), and FMRP was no longer captured from the neutralized lysates ( Figure 1B ). To rule out the possible interacthe previous in vitro observation (Siomi et al., 1994) . EBV-transformed lymphoblastoid cell lines derived eition of FMRP with oligo(dT) beads, both FLAG-FMRP and I304N FLAG-FMRP, purified to homogeneity from ther from a normal individual or from the patient who carries the I304N mutation were gently lysed without a baculovirus expression system (Brown et al., submitted) , were subjected to the mRNP capturing assay. Both disturbing the nuclei. After centrifugation, pellets containing nuclei and mitochondria were removed, and the purified proteins have been demonstrated to bind RNA homopolymers with similar affinity and selectivity as postmitochondrial supernatants (PMS) were incubated with oligo(dT) to allow capture of mRNPs. The eluted compared to in vitro translated FMRP (Brown et al., submitted) . However, neither FLAG-FMRP nor I304N mRNPs were subjected to immunoblot analysis using a well-characterized monoclonal antibody against FMRP FLAG-FMRP could be captured in the absence of poly(A) RNA ( Figure 1B ). Together, these results demonstrate (Devys et al., 1993) . As shown in Figure 1A , a similar proportion of cellular FMRP was cocaptured with poly(A) that both normal and I304N FMRP can be captured via cytoplasmic poly(A) RNA. RNA in both the normal and the patient cell lysates. Given that the majority of cytoplasmic FMRP associdetected in the fractions above the 80S monoribosomal peak ( Figure 2B ). A nearly negligible amount of I304N ates with polyribosomes (Khandjian et al., 1996; Eber- FMRP was detected in the fractions containing translathart et Feng et al., 1997) , we further tested ing ribosomes, indicating the absence of FMRP-polyriwhether FMRP could associate with poly(A) RNA in the bosome association. absence of translating ribosomes. EDTA was added to
To further address whether the FMRP-associated the lysates at a final concentration of 30 mM, which polyribosomes are engaged in translation elongation, causes complete dissociation of translating ribosomes we performed ribosome run-off experiments. Proliferatinto subunits and the release of polyribosomal mRNPs ing cells were briefly incubated with either sodium fluo- (Nielsen et al., 1995; Hensold et al., 1996; Khandjian et ride or sodium azide. Both have been reported to inhibit al., 1996). As shown in Figure 1C , a comparable amount translation initiation without interfering with translation of FMRP was captured regardless of the presence of elongation, and hereby resulting in ribosome run-off EDTA. With the data above, these results suggest that (Nelson et al., 1992; Jefferies et al., 1994) . Under such both the normal and the I304N FMRP associate with conditions, a reduction of polyribosomal peaks with poly(A) RNA in vivo. Therefore, it is unlikely that the concomitant accumulation of 80S monoribosome was I304N mutation causes fragile X syndrome by simply observed, and FMRP disappeared from the fractions abrogating FMRP's RNA-binding activity.
that normally contain large polyribosomes in a dosage/ time-related manner ( Figures 3A and 3B ). In addition, The I304N Mutation Abolishes the Association an increase of FMRP was observed in the top two fracof FMRP with Elongating Polyribosomes tions, as well as the fractions containing shorter polyriWe next examined whether the I304N mutation affects bosomes that most likely represent incomplete run-off. FMRP-polyribosome association. Proliferating normal Finally, the run-off FMRP was clearly separated from and I304N lymphoblastoid cells were incubated with either ribosomal subunit on a 5%-25% sucrose gradient cycloheximide to lock translating ribosomes on their ( Figure 3C ), suggesting the dissociation of FMRP from mRNA templates, and PMS was isolated for linear suribosomes upon translation termination. crose density gradient fractionation. The sedimentation
We also examined whether the abrogation of FMRPof translation components were monitored by the abpolyribosome association by the I304N mutation could sorption at 254 nm. The sedimentation profile was furinfluence the expression and/or polyribosome associather confirmed by the distribution of ribosomal RNAs as tion of FXR2, a putative functional homolog of FMRP shown in Figure 2 . A nearly identical absorption profile that interacts with FMRP in vitro and may partially comwas observed for both the normal and the patient cell plement FMRP's function in fragile X syndrome patients lines, indicating similar global translation status. Consis- Siomi et al., 1996) . The steady-state tent with our previous observation (Eberhart et al., 1996) , level of FMRP and FXR2 was analyzed in the wholenormal FMRP was found in fractions containing RNPs, cell lysates generated from cell lines derived from (1) a ribosomal subunits, and mono-and polyribosomes, but normal individual, (2) the patient who carries the I304N rarely detected as a free protein at the top of the gradient mutation, (3) a typical fragile X patient (Fx A) whose lack ( Figure 2A ). In addition, the amount of FMRP and P0, of FMRP is due to repeat expansion (Feng et al., 1995) , an acidic protein located on the 60S ribosomal subunit and (4) a fragile X patient who carries an intragenic (Bonfa et al., 1989) , sedimenting through the sucrose deletion (Fx B) of the FMR1 gene (Lugenbeel et al., 1995 in I304N cells is not attributable to insufficient producsuggesting that a large portion of FXR2 may be stored in a prepolyribosome form. The normal polyribosome tion of I304N FMRP. In all four cell lines, the FXR2 level was nearly indistinguishable. This result suggests that association of FXR2 in all of the above cell lines suggests that the I304N mutation specifically affects FMRP-polylike the other FMR1 homolog FXR1 , FXR2 expression is not influenced by the lack of funcribosome association, but not the global association of other mRNPs with polyribosomes. tional FMRP. In addition, we observed that FXR2 also preferentially cofractionated with large polyribosomes, Next, we compared EDTA-released polyribosomal mRNP particles in the normal and the I304N cells to regardless of the lack of functional FMRP ( Figure 4B ). Interestingly, in contrast to FMRP, which is rarely presfurther substantiate the apparent absence of I304N FMRP on polyribosomes. Polyribosomes were isolated ent at the top of the gradient, a large amount of FXR2 was detected in the top two fractions. This result is from a linear sucrose density gradient (fractions 7-14 as shown in Figure 4 ) by velocity centrifugation. The consistent with the observation by Siomi et al. (1996) , polyribosomal pellet was resuspended and further fracsize of the EDTA-resistant complexes derived from the normal and the patient cell extracts by gel filtration analtionated through a thin sucrose gradient containing 30 mM EDTA. The sedimentation of ribosomal subunits was ysis ( Figure 6B ). Nearly all of the normal FMRP-containing complexes were found in the void volume that monitored by the absorption at 254 nm. To confirm the absorption profile, each fraction was subjected to immucontains complexes larger than 669 kDa ( Figure 6B ). Very low levels of FMRP could also be detected in noblot analysis using an antiserum against the P0 protein. As shown in Figure 5 , the highest intensity of P0 smaller complexes (600-150 kDa). In contrast, the complexes containing I304N FMRP displayed a significant on the immunoblot colocalized with the large ribosomal subunit absorption peak. The same blot was reprobed size reduction, with ‫%05ف‬ of I304N FMRP present in complexes smaller than 440 kDa. Interestingly, FXR2-sequentially by monoclonal antibodies against FMRP and FXR2. In normal cells, both FMRP and FXR2 were containing complexes displayed an identical size range in both the normal and the patient cells, similar to what found in complexes with significantly larger size than that of the large ribosomal subunit ( Figure 5A ). Considerwas observed for normal FMRP. No FXR2 could be detected in the abnormally formed small I304N FMRP coming the association of FMRP with poly(A) RNA in the presence of EDTA, these complexes most likely repreplexes. Although the I304N mutation causes abnormal formasent heavy mRNP particles. Despite using an excess amount of polyribosomes from the I304N patient cells, a tion of FMRP-mRNP complexes, the nucleocytoplasmic distribution of the I304N FMRP appears normal. Cytonegligible amount of FMRP was detected in the released polyribosomal mRNP particles. In contrast, FXR2 was plasmic-free nuclei isolated from both the normal and the I304N lymphoblastoids contained comparable low found in the complexes with similar size to those found in normal cells. This result further confirms the observation levels of FMRP, with greater than 95% of FMRP remaining in the cytoplasm (data not shown). In addition, that the I304N mutation specifically abolishes FMRPpolyribosome association without affecting FXR2-polyindirect immunofluorescent analysis via confocal microscopy on COS-7 cells transiently expressing the ribosome association.
FLAG-tagged version of either normal or I304N FMRP demonstrated predominant cytoplasmic localization for The I304N Mutation Results in Incorporation of FMRP into Abnormal Complexes
both the normal and the I304N FMRP (Figure 7 ). These results suggest that the nucleocytoplasmic shuttling of The lack of I304N FMRP in polyribosomal mRNP particles led us to test the possibility that I304N FMRP may FMRP is not affected by the I304N mutation. be deficient in forming normal mRNP particles. We isolated the EDTA-treated cytoplasmic extracts from norDiscussion mal cells and the I304N patient cells for linear sucrose density gradients fractionation followed by immunoblot
The I304N Mutation Abolishes FMRP-Polyribosome Association without Affecting mRNA Binding analysis to visualize FMRP-containing complexes. In the normal cell extract, FMRP-containing complexes ( Figure  We have shown here that cytoplasmic FMRP can be captured via poly(A) RNA (Figure 1 ), suggesting that 6A) were found across a similar size range as compared to the mRNP particles released from polyribosomes FMRP is naturally associated with mRNA in vivo. This result is confirmed by the recent report by Corbin et al. (Figure 5A ). However, the size of the complexes containing I304N FMRP was significantly reduced (Figure (1997) , who also found normal FMRP cocaptured by oligo(dT). Although we found this association was dis-6A), with the majority of them sedimenting above the large ribosomal subunit.
rupted only partially by RNase ( Figure 1A) , it is consistent with earlier studies showing that many mRNP particles To further confirm this observation, we compared the are highly resistant to RNase digestion (Herrera et al., et al., 1994; Urlaub et al., 1995) . A general feature of KH domain-containing proteins is their incorporation into 1988; Ch'ng et al., 1990) . Whether FMRP directly interacts with poly(A) RNA within these mRNP particles still RNP complexes (Kiledjian et al., 1995; Leffers et al., 1995) . A potential RNA-interaction surface has been proremains to be elucidated.
The amino acids in FMRP that are responsible for posed for the KH domains (Musco et al., 1996) , and the I304N mutation has been reported to unfold the KH FMRP-RNA interaction have not been defined, and both the KH domains and the RGG box of FMRP have been domain. Presumably, this leads to a disturbance of the normal interactions within the corresponding RNP comsuggested to play a role in RNA binding (Siomi et al., 1993 (Siomi et al., , 1994 . KH domains have been shown to form a plexes, and an abrogation of in vitro RNA homopolymer binding by the I304N FMRP at high salt concentrations compact globular structure composed of a stable ␣␤ fold (Castiglione Morelli et al., 1995; Musco et al., 1996) , (Siomi et al., 1994) . However, the RNA-binding activity of the I304N FMRP is not abolished either to cytoplasmic and many KH domain-containing proteins display critical biological functions in close association with RNA mRNAs in vivo (Figure 1 ), or to RNA homopolymers in vitro at physiological salt concentrations (Siomi et al., (Dreyfuss et al., 1993; Burd and Dreyfuss, 1994; The FLAG-tagged versions of normal and I304N FMRP were transiently expressed in COS-7 cells and subjected to indirect immunoflourescent confocal microscopy using anti-FLAG monoclonal antibody. The expression constructs are indicated in the corresponding panels. 1994). Moreover, purified I304N FMRP retained the abilwas sufficient to cause complete dissociation of poly(A) RNA from ribosomal subunits into mRNP particles (Henity to bind RNA homopolymers (Brown et al., submitted) . Therefore, it is unlikely that the reduced RNA binding sold et al., 1996) . The capture of FMRP via poly(A) RNA in the presence of EDTA ( Figure 1C ) further supports observed at high salt concentration is responsible for the pathogenesis caused by the I304N mutation.
the conclusion that the EDTA-resistant FMRP-conInstead of causing impaired RNA binding, the I304N taining complexes are heavy mRNP particles. Indeed, mutation abolishes the association of FMRP with polyrithis result was confirmed by the most recent observabosomes, suggesting that the KH domain is important tions by Corbin et al. (1997) , who now discount their for FMRP-polyribosome association in vivo. It remains previous interpretation based upon cofractionation of to be clarified whether the I304N FMRP associates with FMRP with the large ribosomal subunit (Khandjian et nontranslating ribosomal components in vivo, including al., 1996) . However, this result does not eliminate the ribosomal subunits and the 80S ribosome, since the possible interactions between FMRP-mRNP particles I304N FMRP was found in fractions containing these and the 60S ribosomal subunit in vivo during various complexes. Interestingly, neither the expression nor the stages of translation, since FMRP has been found to polyribosome association of FXR2, the putative funccoimmunoprecipitate with the 60S subunit (Siomi et al., tional homolog of FMRP, is influenced by the lack of 1996). functional FMRP (Figure 4) . The association of FXR2
The observed cofractionation of FMRP with polyribowith polyribosomes in the absence of functional FMRP somes has been interpreted as association of FMRP is consistent with the hypothesis that FXR proteins may with actively translating ribosomes (Corbin et al., 1997), partially complement the lack of FMRP in fragile X synwithout definitive evidence showing the engagement of drome patients. Yet these data leave unresolved how these polyribosomes in translation elongation. It is par-FMRP interacts with FXR2 in vivo. The amino acids meticularly intriguing that FMRP preferentially cofractiondiating such interaction in vitro have been mapped to ates with large polyribosomes (Figures 2 and 3 ; Corbin sequences encoded by exon 7 of FMR1 (Siomi et al., et al., 1997) . However, these large polyribosomes can 1996). Accordingly, the I304N mutation located in exon be pelleted through sucrose density gradients. For ex-9 would not be expected to interfere with FMRP-FXR2 ample, a 5%-30% sucrose gradient with long sedimeninteraction per se. However, the majority of I304N FMRP tation time will lead to the pelleting of most large polyrifailed to cofractionate with FXR2 ( Figure 5 and 6 ), indibosomes and FMRP through the gradient (data not cating that the in vivo interaction between FMRP and shown), leaving only a small amount of FMRP associated FXR2 was largely abolished by the I304N mutation. This with short polyribosomes within the gradient as reported observation suggests that the interactions formed in by Siomi et al. (1996) . The preferential cofractionation vivo may differ from those formed in vitro.
of FMRP with large polyribosomes implies that FMRP may either associate with actively translating ribosomes, or alternatively with mRNAs carrying stalled polyriboAssociation of FMRP with Elongating Polyribosomes as an mRNP somes. If FMRP indeed associates with elongating polyribosomes, translation-dependent run-off should cause The RNA-dependent cofractionation of FMRP with ribosomes has been reported by several groups (Eberhart the loss of FMRP in these corresponding fractions. Alternatively, incorporation of puromycin into the elongating et Khandjian et al., 1996; Siomi et al., 1996; Tamanini et al., 1996; Corbin et al., 1997) . The colocalizapeptide chain can also result in releasing the translating polyribosomes from the mRNA templates (Nelson et al., tion of FMRP with somatodendritic polyribosomes in brain neurons (Feng et al., 1997) further supported the 1992). However, puromycin-dependent polyribosome dissociation requires incubation of the lysate at 37ЊC in biochemical observations. However, conflicting reports have been published regarding whether FMRP associthe presence of high salt (Nelson et al., 1992) . Since FMRP ribosome association is sensitive to 0.5 M salt ates with mono-or polyribosomes (Siomi et al., 1996; Corbin et al., 1997) . In addition, overlapping sedimenta- (Khandjian et al., 1996; Tamanini et al., 1996; Corbin et al., 1997) , this approach is not suited for addressing tion of EDTA-resistant FMRP complexes with the large ribosomal subunit raised an argument of whether these FMRP-polyribosome association. Therefore, we chose to carry ribosome run-off by applying initiation inhibitors FMRP-containing complexes represent the association of FMRP with the large ribosomal subunit (Khandjian et without affecting translation elongation (Figure 3 ). Both sodium fluoride and sodium azide caused ribosome runal., 1996), or mRNP particles with similar sedimentation rate (Eberhart et al., 1996; Corbin et al., 1997) . By using off with a concomitant shift of FMRP sedimentation in the sucrose density gradient, providing evidence that lower-density sucrose gradient as compared to previous work, we were able to improve the resolution of the FMRP indeed associates with elongating polyribosomes. The shift of FMRP into fractions containing short fractionation and to observe the differential sedimentation of FMRP-containing complexes from the large ribopolyribosomes suggests that these large polyribosomes may require prolonged treatment to achieve complete somal subunit peak. Furthermore, sequential reprobing of the same immunoblot clearly demonstrated the separun-off. Considering the selective mRNA-binding feature of FMRP (Ashley et al., 1993a) , the preferential associaration of FMRP signal and P0 signal into different gradient fractions. As shown in Figure 5A , the majority of tion of FMRP with large polyribosomes may be mediated by its mRNA targets. Identification of the in vivo mRNA EDTA-resistant FMRP complexes sedimented faster than the large ribosomal subunit. It is also unlikely that targets for FMRP should help to define the influence of FMRP on translation efficiency, and finally lead to the these FMRP-containing complexes represent the association of FMRP-mRNP particles with either of the riboelucidation of how fragile X syndrome may result from protein synthesis abnormalities. somal subunits, since the EDTA concentration applied Abnormal I304N FMRP mRNP Particles Explain sequestration of FMRP-bound mRNAs from their normal pathway of localization and/or translation. Indeed, we the Severe Fragile X Phenotype and Suggest a Normal FMRP Function show above that I304N FMRP is not associated with polyribosomes. Yet, the I304N mutation does not appear Another similarity among KH domain-containing proteins is that missense mutations in KH domains often to affect either RNA-binding or nucleocytoplasmic distribution of FMRP. Therefore, the association of FMRP cause more severe phenotypes in comparison with lossof-function mutations, as evidenced by the mutations with polyribosomes must be functionally important, which implies that the mechanism for the severe fragile in gld-1 in C. elegans (Jones and Schedl, 1995) , and those in bicaudal-C in Drosophila (Mahone et al., 1995) .
X phenotype caused by the I304N mutation most likely lies in sequestration of mRNAs from their translational Since KH domain-containing proteins are often incorporated into RNP complexes, the dominant-negative-like regulation by forming nontranslatable mRNP particles. In typical fragile X syndrome patients who lack FMRP, effect by KH-missense mutation could be attributed to:
(1) sequestering a limited factor(s) required for formation these same messages may be handled via an alternative mRNP leading to partial translation, although perhaps of the functional complexes; or (2) changing of the interaction spectrum that results in novel complex formation.
abnormally regulated or localized within the neuron. These observations lead us to hypothesize that FMRP The patient who carries the I304N mutation in FMRP is severely affected by fragile X syndrome, showing exis required by its target mRNAs in the formation of functional mRNP complexes and in their subsequent presentreme mental retardation (IQ Ͻ 20) and remarkable macroorchidism (De Boulle et al., 1993) . It has been reported tation to the translation machinery. Therefore, in the absence of FMRP, variation in abundance or regulation that such mutation impaired RNA homopolymer binding by FMRP (Siomi et al., 1994) in the presence of high of the proteins encoded by mRNAs normally bound to FMRP may be the proximal cause of fragile X syndrome. salt. Tamanini et al. (1996) also observed that the I304N mutation resulted in an increased sensitivity to saltinduced dissociation of FMRP from ribosomes. How-
Experimental Procedures
ever, the salt-released FMRP complex from both normal and the I304N lysates exhibit identical size. These obser- 
